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Abstract: 
Hydrogen gas has been shown to be a promising energy source as options other              
than fossil fuels are being looked at in the face of anthropogenic climate change. It is                
known that anthropogenic climate change is caused by the production of greenhouse            
gases being let into the atmosphere, specifically a common reason for this is the              
burning of fossil fuels for energy. The overall goal of this project is to design a                
biochemical hybrid system that will be used to make H​2 gas and does not require the                
use of fossil fuels. Burning hydrogen as fuel produces only water as a byproduct,              
making it a clean and renewable source of energy. Hydrogen bonds are known to store               
a large amount of chemical potential energy. When this bond is broken, typically             
through burning the gas, this energy is released and able to be used. There is               
technology currently available such as hydrogen fuel cell cars, but the main source of              
hydrogen gas comes from the burning of fossil fuels. In order for this technology to               
benefit the environment, a clean way to make hydrogen fuel must be found. The specific               
goal of this project was to covalently attach an iridium catalyst to photosystem I (PSI),               
which is a complex that is involved in energy production via photosynthesis. The             
catalyst was covalently attached to Cys 33 of photosystem I (PSI) which has been              
isolated from ​Chlorella vulgaris​. When light hits PSI, electrons become excited and go             
through the system, reaching the iridium catalyst which converts protons into H​2 gas.             
PSI is photosynthetic, and acts in photosynthesis to take energy from the light produced              
by the sun and transform it into energy that is useable for the plant. This same                
mechanism is what makes it a good fit for this system, as the sunlight will provide the                 
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energy needed and this protein will do the same job it normally does, just with different                
components after it, rather than the rest of the photosynthetic electron transport chain.             
Similar to its role in photosynthesis, plastocyanin will be used to carry electrons to PSI.               
The difference here is that these electrons will be coming from an electron donor,              
sodium ascorbate. After going through PSI, the electrons will travel through the            
connected [Cp*Ir(bpy)(Cl)][Cl] catalyst where it converts to protons (H​+​) to H​2 ​gas. This             
system was able to produce 1.3 mmol of hydrogen gas after being assembled and              
exposed to light at a level of 6050 Lux for 19 hours. 
Introduction: 
Anthropogenic climate change is being caused rapidly by the release of           
greenhouse gases such as CO​2​, methane, chlorofluorocarbons and others into the           
atmosphere. This began to escalate to extreme amounts of this activity during the             
industrial revolution and has continued to increase since this time. Fossil fuels consist of              
mostly carbon-based materials, and these allow CO​2 and other greenhouse gases such            
as methane, nitrous oxide and CO​2 ​to go into the Earth's atmosphere (Butler). These              
gases trap the radiation from the sun in the atmosphere and this raises the global               
temperature as this radiation is not able to be reflected back outside of Earth's              
atmosphere. This is known to have adverse effects not just on the environment itself,              
but also on all of the organisms living on this planet (Patz).  
Using hydrogen’s chemical bonds to store and release energy is a promising            
idea in the field of clean energy and energy storage. Unfortunately, most of the world's               
energy is currently being produced by the burning of fossil fuels. This releases             
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greenhouse gases, which are a major contributor to global warming. Right now, there             
are already cars which run off of hydrogen gas in production by some large companies,               
such as Toyota. In addition to technology such as cars, power plants powered by              
hydrogen have also been considered a possibility for future energy production needs            
(Plouffe). 
However, most hydrogen gas available today is the result of either burning fossil             
fuels, or from extremely energy costly methods which detracts from the idea of             
hydrogen gas producing clean energy, as the only way to get it is still not completely                
clean and is harmful to the environment (Jain). The design of a system to make               
hydrogen gas using clean, renewable methods would be a huge advancement. This            
would use technology that already exists and improve its positive effect on the             
environment. 
Solar power has been used for years now in various technologies. Most typically,             
this is thought of as being used in solar panels to produce electricity, or for heating                
homes through solar power. Solar power is a great option, as the sun's energy is free,                
relatively consistent in most areas, and will not be depleted. It is a resource which is                
accessible to everyone. These are all reasons why using solar energy for other             
purposes is an area with great promise. With the system being proposed in this project,               
it would be possible to get hydrogen gas to use as fuel with sunlight being the only                 
energy source required. Using this technology, bioreactors could be built making it            
possible to produce hydrogen gas using only the input of solar power as an energy               
source, instead of burning fossil fuels to achieve the production of the gas. This would               
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take the technology that already exists, such as that in hydrogen fuel cell cars, and               
develop a way to power that technology in a more environmentally friendly fashion. All              
fuel for this technology would be made through solar power, and the only emissions              
would be water, as this is the only byproduct of hydrogen gas when it is burned as per                  
the following chemical reaction (2 H​2 + O​2   2 H​2​O). Using this method, the hydrogen                
bond can still produce large amounts of energy when it is broken, but it is formed in a                  
less harmful way and requires only a free energy source input to produce (Appleby,              
Dufour).  
Using naturally found proteins in order to accomplish this is the best way to              
begin, as there are already forms of energy production that take place in plants and               
animals that have been perfected by evolution for millions of years. Deciding to take              
advantage of this leads to the use of photosynthetic proteins, as the goal is to have the                 
system driven by sunlight.  
 
 
Fig. 1 Diagram of the photosynthetic electron transport chain. (Foyer). 
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Photosynthetic organisms convert light energy into chemical energy. In plants          
and algae, this happens in a plastid called a chloroplast, which contains chlorophyll             
molecules. These molecules absorb photons and excite electrons. This happens using           
a photosynthetic electron transport system (Fig. 1) consisting of linked redox reactions,            
and can be looked at similarly to the mitochondrial electron transport chain. Energy from              
these reactions are used to power the movement of protons across the membrane for              
ATP synthesis and to generate NADPH, that is later used as a reactant in the Calvin                
Cycle. The photosynthetic electron transport chain consists of many proteins, including           
photosystems I and II, as well as plastoquinone, cytochrome b​6​f, plastocyanin,           
ferredoxin, ferredoxin NADPH reductase and ATP synthase (Foyer). This process          
occurs by sunlight hitting chlorophyll molecules. Subsequently, the energy is transferred           
to the reaction center of Photosystem II (PSII), this excites electrons, shooting them             
through the center of the protein. These electrons are then passed onto plastoquinone,             
a mobile protein that transfers them to cytochrome b​6​f, a membrane spanning protein.             
Both PSII and cytochrome b​6​f pump protons across the membrane into the lumen.             
Plastocyanin then takes these electrons to Photosystem I (PSI), that also absorbs light,             
passing it on to the reaction center to excite the electron and pass it through the center                 
of the protein. Ferredoxin and ferredoxin-NADPH reductase then reduce NADP+ to           
NADPH in the stroma. The proton gradient made by the pumping of protons is then               
used by ATP synthase complex to take ADP and add a phosphate molecule to make               
ATP.  
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Photosystem I (PSI) (Fig. 2) was specifically chosen for this project as it is a               
naturally occurring multi-subunit protein complex found in many organisms, including          
plants, algae and cyanobacteria. This complex is a major component of photosynthesis,            
as described above which contains two primary photosynthetic complexes, PSI and           
PSII which are both embedded in the thylakoid membrane. In ​Chlorella vulgaris​, PSI             
consists of six subunits including PSIa (83,227 Da), PSIb (81,805 Da), PSIc (8,818 Da),              
PSIj (4,433 Da), PSIi (3,950 Da) and PSIm (3,310 Da) for a total size of 185,543 Da. In                  
the center, there are a pair of chlorophyll molecules that are found in the core of the                 
protein, at the reaction center. The PSI complex catalyzes the light induced electron             
transfer from the proteins plastocyanin or cytochrome c​6​, which occurs on the lumenal             
(inner) side of the membrane, to other proteins ferredoxin or flavodoxin on the stromal              
side of the membrane (Mulfort). The stromal (outer) side where these electrons are             
transported to will be where they can be redirected to a hydrogen evolution catalyst for               
production of hydrogen (Fig. 3).  
6 




Fig. 3- A schematic of the completed system. ​“PC” represents plastocyanin, and            
“Cys” represents the cysteine residue where the catalyst will be attached. The green             
helices are a diagram of PSI. The catalyst is shown as a representation of its chemical                
structure. The red arrows represent the movement of electrons through the system.            
Sacrificial electrons will have to be donated using sodium ascorbate due to the lack of               
PSII, this is represented in the figure by “ED”. 
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Fig. 4 Molecular structure of plastocyanin in ​Enteromorpha prolifera​ ​(Collyer). 
Plastocyanin is a mobile electron transport protein. It is used to transfer the             
electrons from cytochrome b​6 ​f within the membrane to PSI in the electron transport              
chain used for photosynthesis (​Collyer​). Plastocyanin has a mass of 16,917 Da in             
spinach (​Spinacia oleracea)​. The crystal structure of this protein shows four individual            
domains coming together and forming a tetramer, although it is typically found as a              
monomer (Fig. 4). This can be used to help shuttle electrons through a redirected PSI               
used for photochemical hydrogen production.  
Chlorella vulgaris (Fig. 5) is an easy to grow and maintain species of eukaryotic              
green algae. It is a photosynthetic organism that lives in freshwater conditions. Each             
organism is a microscopic cell, which has a diameter of 2-10 µm. They reproduce              
rapidly and asexually, this makes growing large amount of this algae fast and easy.              
They are resistant to poor conditions, such as variable temperature, or a lack of nutrient               
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resources, and are very resilient to changes in environmental conditions (Fromme). This            
makes it a great choice for this project as it is easy to grow and contains the necessary                  
proteins (PSI and plastocyanin). 
While the original intention was to isolate both proteins from ​Chlorella​, eventually            
spinach (​Spinacia oleracea) ​was brought in for the isolation of plastocyanin. Spinach            
has extremely similar properties to ​Chlorella in terms of its protein structure for the              
proteins of interest for this study. It can also be collected and prepared for extraction in                
larger quantities, making it a prime candidate for the extraction of proteins like             
plastocyanin. This is because through experimentation plastocyanin yields from algae          
are extremely low, so to collect enough for our system, spinach was used because of its                
higher yields. 
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 Fig. 5  A culture of ​Chlorella vulgaris ​after a week of growth in a shaker system 
under grow lights at 23 °C in Algae Gro media.  
 
Hydrogen evolution catalysts are a type of catalyst which are used to produce             
hydrogen gas. In previous studies, a first row transition metal such as cobalt, or iron has                
been used for hydrogen production in solution with photocatalytic or electro-catalytic           
system. The cobaloxime (Soltau) (Fig. 6) and nickel (Silver) (Fig. 7) catalysts have been              
connected to other protein-based systems to produce hydrogen similarly to this           
experiment, with some involving light-driven systems, often using a         
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photosensetizer-protein-catalyst model (Bacchi). They did not use covalent bonding of          
the catalyst to the protein (Soltau). These systems have been successful in producing             
hydrogen for short periods of time before the system dissociates due to the non              
covalent interactions used to attach the catalyst to the protein (Soltau). The system             
being used in this experiment uses a photosynthetic protein (PSI) in place of the              
photosensitizer and the protein that were separate modules in some previous           
experiments, which means there is only one point of covalent bonding needed. Our             
catalyst will be covalently bonded to PSI, which is stronger than the non-covalent             
interactions used in these other studies (Soltau). 
 
Fig. 6- Two cobaloxime catalyst used in a previous study (Soltau) 
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 Fig. 7- Nickel catalyst used in a previous study (Silver) 
 
The catalyst being used in this experiment is an iridium-based catalyst, which is a              
transition metal. Catalysts are substances that increase the rate of a chemical reaction             
without actually undergoing any permanent chemical change themselves. Iridium is          
usually produced as a byproduct of copper or nickel mining (Bradford). The catalyst has              
the ability to take free protons and put them together to form H​2 gas, and has the                 
bromine required to form a covalent bond with cysteine 33 of the C subunit of PSI from                 
Chlorella (Soltau). This catalyst (Fig. 8) has been synthesized and used successfully by             
other labs in previous studies when free in solution (​Pittman​). 
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 Fig. 8- Structure of the [Cp*Ir(bpy)(Cl)][Cl] catalyst. 
 
To attach this to the PSI complex, there has to be a free cysteine residue               
towards the top of the system on the stromal side of the membrane. Typically, an               
electron will be shuttled from the bottom of the complex through the center, which has a                
channel in the center for this travel to occur. At the top of this, is where the iron-sulfur                  
clusters are located (Fig. 9). There are cysteine residues that bind the iron-sulfur             
clusters to the protein, and therefore not available to be attached to the catalyst for this                
project. There is one cysteine, Cys 33, which is in this area and not involved in these                 
clusters, leaving it to be the perfect candidate for this attachment. Upon further             
investigation, this specific cysteine residue is highly conserved in a number of species,             
which means that this could potentially lead to similar experiments using the PSI             
complex of multiple species of algae or cyanobacteria. The isolated PSI of ​Chlorella will              
be covalently linked at Cys 33 to the bromine on the iridium catalyst (Soltau).              
14 
Plastocyanin will help to transport electrons through PSI and to the catalyst, which then              
takes these electrons and uses them to create H​2 gas from free protons which are found                
in the buffer solution. Similar linkage of PSI to H​2 catalysts have been done previously,               
with one important difference. This linkage is accomplished through covalent bonding,           
via a thiol substitution reaction, while the work done previously has been done through              
non-covalent interactions. This covalent linkage should allow for sustained hydrogen          
production as the pieces of the system will be linked together strongly, and should not               
dissociate apart quickly. 
 
Fig. 9 - Electron transfer distances between terminal [Fe-S] cluster of PSI,            
F​B​, and site of Ir-catalyst attachment at PsaC Cys 33 in ​Chlorella vulgaris ​PSI.  
 
The successful completion of this system will result in the ability to produce a               
usable and powerful energy source from just the power of the sun. This technology              
15 
could be made into bioreactors so large amounts of H​2 gas could be produced at once,                
and work to safely provide clean energy from the energy of the sun, in the form of                 
hydrogen gas. This would be renewable, clean, accessible and important to the future of              






Chemicals were used as received from suppliers listed in the text. 
Synthesis of Iridium Catalyst​ ​[Cp*Ir(bpy)(Cl)][Cl]​ :  
This was done following a previously reported reaction (Pitman, Christensen).          
The first step of synthesizing the iridium catalyst consists of synthesizing the ligand,             
4-(bromomethyl)-4′-methyl-2,2′-bipyridine (Sigma Aldrich). 1.8 g of      
4,4′-dimethyl-2,2′-biypyridine, 1.8g of N-bromosuccinimide (Sigma Aldrich) and 0.05 g of          
isobutyronitrile (Sigma Aldrich) were combined in a 25 mL round bottom flask, and this              
was then dissolved in 40 mL of carbon tetrachloride (Fisher Scientific) (Gould). This was              
then heated in nitrogen at 76 ºC under reflux conditions for 2 hours. This was allowed to                 
cool to room temperature, filtered and then evaporated in an oven. The dried product              
was left overnight, and then dichloromethane (DCM) (Sigma Aldrich) was used to            
dissolve it. This solution was loaded onto a silica column, and a 98:2 methylene chloride               
to acetone solution was used to elute it. Fractions from the column were dried using a                
rotovap. To check the final product, a ​1​H-NMR spectrum, ​13​C-NMR spectrum, and an IR              
spectrum were performed using a sample of the final product.  
For the second step of the catalyst synthesis, of 11 mg of the previously              
synthesized ligand 4-(bromomethyl)′-4-methyl-2,2′-bipyridine was dissolved in 3 mL of         
DCM along with 20 mg of dichloro(pentamethylcyclopentadienyl)-iridium (III) (Sigma         
Aldrich). This was left to stir for 15 minutes, and the solvent was then evaporated using                
a rotovap. The solid left from this was dissolved in a minimal amount of DCM and                
hexanes (Fisher Scientific) were added until there was precipitation of a yellow powder.             
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This powder was dried using a Schlenk line and was crystallized through vapor diffusion              
of acetonitrile (Fisher Scientific) or diethyl ether (Fisher Scientific). 
Chlorella Culturing:  
Chlorella ​vulgaris ​was grown using 20 mL Alga-Gro media (Carolina Biological)           
in 1 L spring water (Poland Springs). The cultures were started by adding algae from a                
starter culture (Carolina Biological) on a disposable pipette tip to the media, and this              
was kept at 23 ºC under a grow light on a shaker. Cultures were split each week by                  
adding 10 mL of the previous culture to fresh media. Cells were counted using a               
hemocytometer. Cells were counted in the large central grid and then multiplied by 10​4              
to find the amount of cells per mL. 
Lysis of ​Chlorella ​and Collection of Lipids:  
Chlorella cells were put in the cold room overnight to settle. The excess media              
was siphoned off and the remaining algae was centrifuged at 10,000 rpm and 4 ºC to                
further concentrate. This was then put into 50 mL conical tubes and sonicated at level               
seven for five minutes for three rounds for a total of fifteen minutes for each tube.                
Broken cells were verified by analyzing a sample of the sonicated cells under a              
microscope. These samples were mixed 1:2 with a 1:1 chloroform (Fisher Scientific)            
methanol (Fisher Scientific) solution in a separatory funnel and mixed for five minutes.             
This was left overnight, and the bottom organic layer was separated in the morning.              




Lysis of Spinach and Collection of Lipids:  
1 kg of spinach was washed in ice water and drained. It was then blended with                
the chloroplast preparation buffer (50mM potassium Phosphate (Sigma Aldrich) , and           
10mM NaCl (Fisher Scientific) at pH 7.0). This was sonicated at level 5 for 1 minute,                
three times for 3 minutes total for each tube, containing approximately 45 mL of lysed               
spinach solution. This was frozen in the -80 ºC freezer to be taken out for future use as                  
needed. Lipids were collected using the same method as detailed above. 
Isolation and Purification of PSI:  
The dried lipids (or spinach extract) were resuspended in a solubilization media            
50 mM Tris-HCl (MP Biomedicals), 3% triton X-100 (Fisher Scientific), at pH 8.8. A High               
Q anion exchange column was equilibrated with Buffer A (20 mM MES (Fisher             
Scientific), 10 mM CaCl​2 (Fisher Scientific), 10 mM MgCl​2 (Fisher Scientific), 0.5 M             
Mannitol (Fisher Scientific) at pH 6.5) for 3 CV. The sample of resuspended lipids in the                
solubilization media was then loaded using the pump, and eluted with a gradient of              
Buffer A supplemented with 5-200 mM MgCl​2 for 5 CV. Fractions collected were             
concentrated using centrifugal filters. The hydroxyapatite column was then equilibrated          
with buffer B (10 mM Na, 10 mM MgCl​2​, 13 µM CaCl​2​, 0.5 M Mannitol, 2% Triton pH                  
6.5) for 3 CV. The sample was loaded using the loop or pump depending on the amount                 
of final concentrate. This was eluted with a gradient of Buffer P (10mM NaPi, 10mM               
MgCl​2​, 13µM CaCl​2​, 0.5M mannitol, 2% Triton X100 pH 6.5) supplemented with 10-500             
mM Na-Pi (​Rogner)​. This was then tested for the presence of the correct protein using               
native gel electrophoresis. 
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Isolation and Purification of Plastocyanin: 
Previously prepared spinach was thawed overnight, with approximately four         
tubes of 45 mL each, totaling 180 mL of spinach being thawed. A stock solution of 10                 
mM PMSF (Fisher Scientific) in ethanol (Fisher Scientific) was made, and 0.4 mL was              
added to each tube of spinach. Then, 0.11 g of NaCl was added to each tube. Each                 
tube was sonicated for 1 minute at 50% power on ice. This was then centrifuged at                
12000 x g for 20 minutes, and the pellet was discarded. Ammonium sulfate (Fisher              
Scientific) was then added to 60% saturation over the course of an hour, while stirring               
continuously in the cold room. This is 36.1 g for every 100 mL of solution to bring it to                   
60%. This was centrifuged at 12000 x g again for 20 minutes, and the pellet was                
discarded. The ammonium sulfate was then brought up to 98% by adding an additional              
27.5 g for every 100 mL of solution, over the course of an hour while stirring                
continuously in the cold room. This was centrifuged at 12000 x g again for 20 minutes,                
and the pellet was discarded.  
This supernatant was taken and a small amount of hexacyanoferrate (III) (Alfa            
Aesar) was added to this solution. This was loaded onto a phenyl sepharose column              
which had been equilibrated with a 20mM phosphate buffer with 2.0 M (NH​4​)​2​SO​4 at pH               
7.2 was then run on a phenyl sepharose column. It was washed with the same buffer for                 
1 CV and then eluted with a 20 mM phosphate buffer with 1 M (NH​4​)​2​SO​4 and 10 %                   
glycerol (Fisher Scientific) at pH 7.2. The samples from this were then loaded onto a               
High Q anion exchange column that had been equilibrated with 20 mM tris HCL buffer               
at pH 7.5. This was then eluted using a gradient of 16-40 % of buffer B (20 mM tris HCL                    
20 
0.5 M NaCl buffer at pH 7.5). The samples from this were then tested for the presence                 
of the correct protein using an SDS PAGE gel. 
Assembly of the System: 
PSI with a concentration of 10 µg/mL was added to 4 mg of the iridium catalyst.                
This was wrapped in foil, and tumbled overnight in the cold room. The next day, 11.8 µL                 
of the plastocyanin stock with a concentration of 3.4 mg/mL was added to this solution               
(for a final concentration of 13.34 µg/mL). In addition, 0.1 M sodium ascorbate (Fisher              
Scientific), in MES buffer at pH 6.0 was added to total volume of 3 mL in a 5.6 mL                   
fluorescence cuvette.  
Photocatalysis Testing of the Completed System: 
The completed system was put into a cuvette at a total volume of 3 mL and spun                 
with a stir bar continuously over the course of testing. This was exposed to light at a                 
level of 6050 Lux overnight, for 19 hours total before testing began. This was done               
using a warm white LED light aimed at the sample. A 100 µL sample was pulled using                 
an airtight syringe from the headspace of the cuvette. This was then analyzed, using an               
Agilent Technologies 7820A GC system with a CP-Molsieve 5A column which was            
10cm in length and had a diameter of 0.32mm, to measure the levels of hydrogen               
produced, and then compared to a standard curve previously made by the lab. 
Standard Curve for Gas Chromatography: 
3% hydrogen in nitrogen was bubbled for 30 minutes into a 5.6 mL fluorescence              
cuvette containing 3 mL DI water. Aliquots of 20-100 µL of the headspace were injected               
into the Agilent Technologies 7820A GC system with a CP-Molsieve 5A column which             
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was 10m in length and had a diameter of 0.32mm, and hydrogen gas was measured               
from the peak area of samples from the headspace. Excel was then used to make a                
standard curve determination of the amount of hydrogen gas produced in the test             
sample. This can then be used to compare to the result of the system to determine how                 




Synthesis of the Iridium Catalyst: 
The reaction of 4,4-dimethyl-2,2-bipyridine with ​N​-bromosuccinimide (Fig. 10)        
resulted in the filtering of a red-orange chunky powder. This was purified ​by silica              
column chromatography, and pooling fractions ​with these fractions still containing an            
orange tint. This turned into an oil like white substance when dried using a rotovap (Fig.                
11). There was a 33% yield.​1​H-NMR and ​13​C-NMR spectroscopy were used on this final              
product and a spectrum was produced for each (Fig. 12, 13). 
  







Fig 11​. ​Oily white gum product formed after purification of the crude product from 
the reaction between 4,4′-dimethyl-2,2′-bipyridine with ​N​-bromosuccinimide.  
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Figure 14. Reaction schematic following the synthesis of [Cp*Ir(bpy)(Cl)][Cl] 
After combining 4-(bromomethyl)-4-methyl-2,2-bipyridine and the iridium      
precursor in DCM, the resulting solution began to change from a dark orange to a light                
yellow tinged color (Fig. 14). The product of this reaction formed a coating on the               
glassware and a crude ​1​H-NMR and UV-visible spectra were taken (Fig. 15, 16). Vapor              
diffusion of this sample was performed using ether in acetonitrile, and after being left for               


























Chlorella​ Culturing:  
Chlorella cultures would not grow in Algae Gro media prepared in deionized            
water and would only grow once prepared in commercially available spring water. This             
may be due to the ions or other nutrients available in the spring water. A count of a 10                   
µL sample from algae culture grown for a week shows approximately 14,137,500            
Chlorella​ cells per ml when counted on a hemocytometer (Fig. 18). 
 
 





Lysis of ​Chlorella​ and Collection of Lipids:  
Complete lysis of the cells were confirmed by analyzing the cells after sonication             
under a microscope and compared to samples of cells pre-sonication. The organic layer             
containing the lipids was a dark yellow to green color when in the separatory funnel               
(Fig. 19). It retained most of this color, appearing slightly more green, after being dried               
on the rotovap. Six flasks of approximately 500 mL of ​Chlorella culture resulted in 0.643               
g of dried lipids after extraction. 
 
Fig. 19 - ​Chloroform methanol extraction of algae set up in a separatory funnel              
after sitting overnight. 
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Isolation and Purification of PSI:  
Before column chromatography using a hydroxyapatite column UV-Vis        
spectroscopy had a peak at 658nm with an absorbance of 0.158 AU. Native gel stained               
with Coomassie Blue confirmed the presence of PSI (Fig. 20). 
UV-Vis spectroscopy showed two peaks at 656nm with an absorbance of           
1.60480 AU and 670nm with an absorbance of 0.80011 AU (Fig. 21). The amount of               
chlorophyll A and chlorophyll B were calculated to be 8.97 µg/ml and 13.67µg/ml             
respectively, with 22.64 µg/ml being the total amount of chlorophyll extracted.          
 
Fig. 20- Native gel of PSI extracted from spinach. ​Wells 1- ladder, 2- sample 1, 3- 
sample 2, 4- sample 3, 5- sample 4, 6- sample 5, 7- sample 6, 8- sample 7. 
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 Fig. 21-​ ​UV-Vis spectroscopy of sample before and after column chromatography 
using a hydroxyapatite column. 
 
Isolation and Purification of Plastocyanin: 
Plastocyanin isolation from spinach was successful in both attempts. SDS PAGE           
gel was performed with the samples and confirmed the presence of plastocyanin (Fig.             
22).The first attempt shows a band where plastocyanin should be, however it is slightly              
blurry which indicates a lack of purity. The second attempt shows a clearly defined              




 Fig. 22 SDS PAGE gel to determine result of plastocyanin isolation. ​Wells: 1- 
standard ladder 2-isolation attempt one 3- isolation attempt two. Plastocyanin is present 













Fig. 23 Assembled system with exposure to light on stir plate. 
 
The completed system was assembled and tested (Fig. 23). After 19 hours of             
exposure to light, there was hydrogen detected in the at retention time of 0.705 minutes               
with a 100 µL injection of the sample headspace into the gas chromatograph (Fig. 24).               
Using the standard curve of hydrogen concentrations generated previously (Fig. 25),           
specifically the formula derived from this curve (y=1.31E + 05X-6.45E+01) it was            
determined that this produced 1.3 mmols of hydrogen gas. 
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 Fig. 24- Levels of hydrogen taken from a headspace sample in the completed             
system in µV (thermal conductivity) over time (minutes). The peak area of this              
sample was 87.0656 µV*s. This sample was taken after 19 hours of light exposure to               
the completed and assembled system. 
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 Fig. 25- Standard curve created using headspace samples from bubbling 3% 





The goal of this project was to covalently attach an iridium catalyst to             
photosystem I (PSI). The catalyst was attached to Cys 33 of PSI. When light hits PSI,                
electrons become excited and are transported through the system, reaching the iridium            
catalyst which converts protons into H​2 gas. Plastocyanin and sodium ascorbate were            
added to this assembled system to allow the movement of electrons. 
Based on both the ​1​H NMR and UV vis spectra (Fig. 16, 17), the catalyst was                
successfully synthesized. This is apparent again when the PSI-Catalyst connection was           
prepared, as without the proper bromination this would not have been able to occur. 
The 14,137,500 ​Chlorella cells per mL contained in the cultures (Fig. 18) being             
kept was a higher amount than those detailed in Testudo. This is beneficial for the               
experiment as it gives the opportunity for more PSI to be extracted and concentrated              
from the same volume of algal culture when compared to that of the paper this method                
was adapted from. 
Lysis was first attempted by taking the algae culture and adding liquid nitrogen to              
it in a mortar and pestle, grinding to break open the cells. After this, the same procedure                 
of chloroform methanol extractions was used, and the sample was loaded onto the             
column. This continually produced clogged columns, with the columns over-pressuring          
and sample getting stuck in the column. The procedure was repeated, and the cells              
from the liquid nitrogen lysis procedure were observed under a microscope. This            
showed some broken cells, but many whole cells remaining. This is likely what led to               
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the columns being clogged, as whole algae cells were being loaded and would cause              
the solubilization media to not work, and they would still become stuck on the column.  
In an effort to see if it was the algae not lysing correctly versus the column                
chromatography procedure itself, a similar procedure was run with spinach. This was            
lysed by being blended with a solubilization media, and run through the column. This              
ran well and did not clog the column, so it was determined that it was likely the lysis                  
procedure for the algae causing the clogging. This spinach PSI was purified according             
to the listed methods for algae, and this PSI was stored for future use and testing. The                 
lysed spinach that was leftover was stored in -80 ºC for future use. 
Due to the difficulties in lysing and column chromatography with the algae,            
spinach was brought in to be used as well. Spinach has a similar PSI and plastocyanin                
structure to ​Chlorella vulgaris, so they were comparable to be used in the same              
experiment. This lysis was performed differently, using blending and sonication, and           
upon examining under a microscope also appeared to be successful. This was easier to              
make in large quantities, so the extra spinach from the lysis procedure was kept stored               
in 50 mL conical tubes in the -80 ºC freezer to continue to use for experimentation.  
The UV-VIS spectra (Fig. 21) showing peaks around 670nm is in the range             
expected for PSI, which has an absorption of 700nm. There is likely also some PSII still                
remaining, which could result in the lowered absorption. The limitations of the            
instruments or calibration of the instrument may also have affected this number slightly.  
Plastocyanin appeared to be isolated successfully in both samples (Fig. 22). The            
sample from the first isolation attempted appeared to have more impurities and be less              
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concentrated than the sample from the second isolation attempt. This was noted as the              
first band is fainter and accompanied by some slight blurring and other bands, while the               
second sample is more defined and has fewer other bands. This is likely due to               
becoming more familiar with the procedure between attempts one and two.  
The photocatalysis system assembly went as planned (Fig. 23). The catalyst and            
PSI were successfully connected when tumbled in the dark overnight. The addition of             
plastocyanin and sodium ascorbate went as expected, and the solution was brought up             
to 3ml. The data from the gas chromatograph shows a peak area of 87.0656 µV*s of                
hydrogen at the time the sample was injected into the gas chromatograph (Fig. 24). This               
means that the system was successful in producing hydrogen, and infers that the             
system was in fact assembled completely and correctly. It was calculated that this was              
equivalent to 1.3mmol of hydrogen gas being produced based on the standard curve             
made using the gas chromatograph (fig 25). 
More experimentation needs to be done in order to get more information on the              
success of the system. Hourly readings of the headspace of the completed system             
should be done in order to determine when the hydrogen production starts, peaks, and              
ends to be able to compare this with previous similar systems which did not use the                
same catalyst and covalent bonding technique. Proper controls will need to be tested,             
such as testing the catalyst independently and the system in the absence of light. In               
addition, testing the system with different colors and intensities of light should be done              
in order to optimize the system.  
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This covalently linked system was able to produce hydrogen as expected. This is             
a huge step when being compared to the previous non-covalently linked systems. It             
shows that this type of system can have a more permanent linkage between pieces,              
and this makes it more likely to be able to be used in a larger scale, and for longer                   
periods of time. These two ideas lead to increasing possibilities for the use of this type                
of system, and hopefully further research to get to this becoming a reality. This research               
would include optimizing, scaling up production systems, and focusing on how long            
these systems can last and the amount of hydrogen they can produce over this time to                
see what type of applications they may have in the future. 
The success of this system only adds credibility to the idea that energy produced              
from hydrogen gas is a real possibility in the future of this energy crisis. This technology                
can continue to be improved upon, and eventually scaled up to provide a source of               
power that can be useful to communities everywhere. This can be turned into large              
scale bioreactors or power plants, and this would in turn make it possible to provide a                
solar powered energy source big enough to power large areas. It would provide these              
communities with a safe, efficient and clean way to produce energy to power all of their                
homes, schools, and places of work as well as cars and other transportation, and              
potentially even more. Using this technology makes creating usable energy possible           
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